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摘要 
纳米材料是指三维空间中至少有一维处于纳米尺度范围 ( 1-100 nm ) 的材料，由于
其特殊的物理化学性质，已被广泛用于工业领域。其中，纳米银 ( silver nanoparticles, 
AgNPs ) 因为具有良好的长效、广谱抗菌活性而被应用于医疗器械，家用电器，衣服，
洗发水和包装袋等日常用品之中，是应用最广泛的纳米材料之一。因为 AgNPs 会被直
接或者间接地释放到水环境中，会对水生生物以及人类健康造成潜在的威胁，因此其环
境生态风险效应是近年来的研究热点。目前关于 AgNPs 对水生生物影响的研究，主要
集中在浮游植物、藻类、鱼类的胚胎发育和幼鱼，而有关其对成鱼的生殖生理的影响研
究相对较少。 
鱼类卵母细胞发育到完全生长期后，孕激素 ( 17α, 20β-dihydroxy-4-pregnen-3-one, 
DHP ) 可诱导其最终成熟，即生发泡破裂 ( germinal vesicle breakdown, GVBD )。该过
程可在体外诱导实现，且成熟后的卵母细胞会变得透明，因此是一种很好的研究脊椎动
物卵母细胞成熟的实验模型。本实验以斑马鱼 ( Danio rerio ) 的卵母细胞为研究对象，
通过体外培养的方式，再结合形态学、生物化学和分子生物学等技术手段，研究了 AgNPs
对斑马鱼卵母细胞成熟的影响。为了明确 AgNPs 所引起的作用是来自其本身，还是其
缓慢释放出的银离子 ( Ag+ )，我们同时研究了硝酸银 ( AgNO3 ) 对卵母细胞成熟的影响。
研究结果首次发现 AgNPs 会诱导卵母细胞的成熟，并深入研究了其成熟的机制。主要
研究结果如下： 
1. 斑马鱼卵母细胞用 AgNPs 和 AgNO3暴露 4 hours ( hr ) 后不但没有抑制由 DHP
诱发的 GVBD过程，反而能诱发 GVBD。在 10 mg/L AgNPs 和 1 mg/L AgNO3浓度下，
AgNPs 和 AgNO3所引起的 GVBD率分别为 56.10 ± 5.41% 和 40.50 ± 6.56%，这与 10 
ng/mL DHP 引起的 GVBD 率 ( 66.67 ± 4.17% ) 相当，且均显著 ( p < 0.05 ) 高于对照 
( 7.25 ± 1.46% )。但随着 AgNPs 和 AgNO3浓度升高，卵母细胞的畸形率会上升。 
2. 由于卵母细胞内环磷酸腺苷 ( cAMP ) 浓度的降低是启动卵母细胞发生 GVBD
的一个重要因素，我们进一步检测 AgNPs 和 AgNO3暴露后对卵母细胞 cAMP 浓度的变
化的影响。结果表明，30 mg/L AgNPs 和 10 mg/L AgNO3暴露 2 hr后，卵母细胞 ( 尚未
出现 GVBD ) 内 cAMP 浓度分别下降到 4.50 ± 0.60 pmol/mL和 3.78 ± 0.53 pmol/mL，显
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著低于对照组 ( 8.96 ± 1.73 pmol/mL ) ( p < 0.05 )，这与 10 ng/mL 的 DHP 处理组  
( 3.95 ± 0.61 pmol/mL ) 的作用效果相似。 
3. 由于卵母细胞内 cAMP 主要来自于外围的滤泡层细胞，提示 AgNPs 可能影响滤
泡层细胞的生理状态。我们使用透射电镜 ( TEM ) 对滤泡层细胞的超微结构进行观察。
经 AgNPs ( 30 mg/L ) 和 AgNO3 ( 10 mg/L ) 处理 4 hr后，滤泡层中的颗粒细胞和鞘膜细
胞都呈现不正常的细胞形态：核凝聚，胞质皱缩等。AgNO3处理组的卵母细胞线粒体还
呈现肿胀，以及空泡化等细胞凋亡的特有现象。我们进一步使用检测细胞凋亡的荧光染
料 Hoechst33342 对滤泡层细胞进行染色，发现 AgNPs 和 AgNO3会引起滤泡层细胞出现
明显的凋亡。卵母细胞经 AgNPs ( 10 mg/L ) 处理 3 hr后，滤泡层有多数细胞凋亡，经
AgNPs ( 30 mg/L ) 和 AgNO3 ( 10 mg/L ) 处理 1 hr 后，就已经有大量滤泡层细胞凋亡。 
4. 进一步检测与凋亡和氧化应激相关的基因表达发现，卵母细胞经 AgNPs ( 10 
mg/L ) 和 AgNO3 ( 1 mg/L ) 处理后，与凋亡相关基因 caspase9 和 caspase3 的表达水平
显著上调。同样，mt2 ( metallothionein-2，金属硫蛋白 ) 也在 AgNPs 和 AgNO3处理组
中显著上调。与氧化应激相关的gst2 ( glutathione S transferase pi 2，谷胱甘肽转移酶 ) 的
表达水平只在 AgNPs 处理组中有显著上升。Hsp70 ( heat shock protein 70，热休克蛋白 ) 
是最敏感的基因，卵母细胞用 AgNPs 和 AgNO3处理后，hsp70 的表达量分别被上调了
5 和 300 倍。 
综上所述，AgNPs 和 Ag+能诱导卵母细胞的成熟过程。其作用机理主要是通过引起
卵母细胞外围的滤泡层细胞凋亡，间接引起卵母细胞内的 cAMP 浓度下降，最终引起卵
母细胞出现 GVBD。基因表达结果显示，AgNPs 和 Ag+引起滤泡层凋亡的机制存在少许
差异。因此，AgNPs 和 Ag+引起滤泡细胞凋亡的细胞内通路有可能不同，仍需要进一步
的研究来阐明。 
 
关键词：纳米银，斑马鱼，卵母细胞成熟，滤泡层细胞，凋亡 
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Abstract  
Nanoparticles ( NPs ) have at least one dimension of 100 nm or less and represent an 
intermediate surpramolecular state of mater between bulk and molecular material. Among 
various nanomaterials, silver nanoparticles ( AgNPs ), which have been proved to have good 
antimicrobial efficacy against bacteria and utilized in a wide variety of consumer products 
ranging from medical device, home appliances and daily using. The increase on production 
and consumption of silver-containing products will certainly lead to the release of AgNPs into 
the environment. Public concerns on AgNPs in the environment have been increasing since 
they can cause adverse effects on some aquatic species. However, few data are actually 
available on the effects of AgNPs on female reproductive system.  
After the oocyte completes its growth, it becomes ready for maturation. An 
maturation-inducting hormone, such as 17α, 20β-dihydroxy-4-pregnen-3-one ( DHP ) can 
induce oocyte maturation in vitro in most fishes. The oocyte becomes transparent in the 
maturation process and germinal vesicle breakdown ( GVBD ). In the present study, we used 
the zebrafish ( Danio rerio ) ovarian follicle and final oocyte maturation as a model to assess 
the potential adverse effects of AgNPs on oocyte maturation ( GVBD ) in vitro. We further 
evaluated whether toxicity of AgNPs is related to release of Ag
+
 from the AgNPs, or specific 
effects of AgNPs. Unexpectedly, similar to maturation inducing hormone ( DHP ), AgNPs 
induced GVBD, and reduced the total cAMP concentration in zebrafish ovarian follicles. The 
molecular mechanisms that AgNPs and Ag
+
 affect zebrafish oocyte maturation are also 
studied. The main results are as follows: 
1. Unexpectedly, both AgNPs and Ag
+
 significantly induced oocyte maturation like 
DHP after 4 hr exposure. At a concentration of 10 mg/L AgNPs or 10 mg/L AgNO3, they 
induced a GVBD rates of 56.10 ± 5.41% and 40.50 ± 6.56% respectively, which is similar to 
the DHP ( 66.67 ± 4.17% ), all higher than control ( 7.25 ± 1.46% ). In the meantime, it is 
worth noting that, both AgNPs and Ag
+
 exhibited the dose-dependent toxic effects on ooctyes 
as well. 
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2. Because several studies in vertebrates have proved that a drop of cAMP ( cyclic 
adenosine monophosphate ) concentrations is involved in maturation, we examined the effects 
AgNPs on the cAMP concentrations of ovarian follicles. As expected, oocytes treated with 
DHP ( 10 ng/mL ) 2 hr ( before GVBD ), caused a significant decrease in cAMP production 
( 3.95 ± 0.61 pmol/mL ) compared to the control ( p < 0.05 ) ( 8.96 ± 1.73 pmol/mL ). And so 
did the 30 mg/L AgNPs ( 4.50 ± 0.60 pmol/mL ) and 10 mg/L AgNO3 ( 3.78 ± 0.53 pmol/mL ) 
caused a significant decrease in cAMP. These results clearly indicate that AgNPs and AgNO3 
induce oocyte maturation in the zebrafish by decreasing the cAMP concentration in oocyte. 
3. In vertebrates, cAMP generated in follicle cells can enter the oocyte via gap 
junctions connecting follicle cells and the oocyte. Therefore, we further determined whether 
AgNPs and AgNO3 have cytotoxic effects on follicle cells. We first examined the 
ultrastructure of ovarian follicle. After exposed to AgNPs ( 30 mg/L ) and AgNO3 ( 10 mg/L ), 
both thecal and granulosa cells revealed irregular cell morphology, and exhibithed 
disorganization in cytoplasm and nuclear condensation and fragmentation, in addition, the 
follicular cells of AgNO3 treatment group showed acute vacuolation, and mitochondrial swell. 
These results suggested that the follicular cells underwent apoptosis. 
4. In order to further confirm that both AgNPs and AgNO3 induce apoptosis in ovarian 
follicle cells, we used Hoechst33342 to identify apoptosis follicle cells surround the oocyte. 
We can see bright blue fluorescence in ovarian follicle cells, after 3 hr exposure to AgNPs at 
10 mg/L, and 1 hr to AgNPs at 30 mg/L or to AgNO3 at 10 mg/L, indicating that a vast 
majority of follicle cells underwent apoptosis. Our results suggested that AgNO3 is more toxic 
than AgNPs to both follicle cells and oocytes.  
5. To illuminate the molecular mechanisms of AgNPs ( 10 mg/L ) and AgNO3 ( 1 
mg/L ) induced apoptosis of follicles cells, the expression patterns of several candidate genes 
relevant for apoptosis ( caspase3, caspase9 ) and oxidative stress ( gst2, hsp70 and mt2 ) were 
determined using real - time qPCR. The AgNPs and AgNO3 significantly induced the 
upregulation of transcripts levels of caspase9 and caspase3, respectively. A significant 
increase in gst2 transcripts level was only observed in AgNPs treatment group. The most 
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sensitive gene to silver was hsp70, the expression of which increased 5 and 300 fold in 
response to AgNPs and AgNO3, respectively. Similarly, the expression levels of mt2 
transcripts increased significantly in response to both AgNPs and AgNO3 treatment. Taken 
together, oxidative stress appears to be an important mechanism in AgNPs to induce apoptosis 
of follicle cells. 
The results from the present study indicated that both AgNPs and Ag
+
 can induce the 
ovarian follicle cells apoptosis, which further triggers the unexpected GVBD. The results of 
gene expression patterns suggested that there are some different molecular mechanisms 
between AgNPs and Ag
+
 to cause apoptosis of the follicles cells. Further study is necessary to 
examine the quality of mature oocyte induced by AgNPs and Ag
+
 using other animal model. 
 
Key Words: silver nanoparticles ( AgNPs ), zebrafish, oocyte maturation, ovarian follicle cells, 
apoptosis.
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缩略语表 
 
缩略语 英文全称 中文全称 
AgNPs Silver nanoparticles 纳米银 
AuNPs Gold nanoparticles 纳米金 
FSH Follicle-stimulating Hormone 促滤泡激素 
LH Luteinizing Hormone 促黄体激素 
GVBD Germinal vesicle breakdown 生发泡破裂 
MIH Maturation-inducting hormone 成熟诱导激素 
MPF Maturationpromoting factor 成熟诱导因子 
cAMP Cyclic adenosine monophosphate 环磷酸腺苷 
TEM Transmission electron microscope 透射电镜 
ELISA Enzyme linked immunosorbent assay 酶联免疫吸附测定 
DHP 17α,20β-Dihydroxyprogesterone 17α，20β 双羟孕酮 
DEPC Diethyl pyrocarbonate 焦碳酸二乙脂 
BAN 4 - bromoanisole 4-溴苯甲醚 
Gst2 Glutathione S transferase pi 2 谷胱甘肽转移酶 
Hsp70 Heat shock protein 70 热休克蛋白 
Mt2 Metallothionein-2 金属硫蛋白 
PCR Polymerase chain reaction 聚合酶链式反应 
qPCR Real-time Quantitative PCR 荧光定量 PCR 厦
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第一章 绪论 
1.1 纳米银 ( AgNPs ) 对水生生物影响的研究进展 
1.1.1 AgNPs 的应用 
纳米级别的分子相对于大分子级别的物质具有一些显著和独特的物理化学特性
( Moore, 2006; Nel et al., 2006 )，纳米材料因此在世界范围内被广泛生产和运用，应用于
医药 ( Barnett et al., 2007; Dong and Feng, 2007 )、化妆品 ( Lens, 2009; Mueller et al., 
2002 )、可再生能源 ( Pavasupree et al., 2006; Wei et al., 2008 ) 和电子设备 ( Kachynski et 
al., 2008 ) 等 ( 图 1 - 1 )。在各种各样的纳米材料中，AgNPs 具有独特的物理化学性质，
优良的导电和导热性能，稳定的化学性质和良好的催化活性等特点 ( Capek, 2004; 
Frattini et al., 2005 )。尤其是 AgNPs 特有的广谱抗菌活性 ( Luoma, 2008; Ratte, 1999; 
Silver, 2003 ) 和相对较低的生产成本 ( Capek, 2004 )，使其被广泛运用于各种各样的产
品，包括：塑料、肥皂、黏贴剂、五金和纺织品等 ( Frattini et al., 2005 )。根据Woodrow 
Wilson 数据库 ( http://www.nanotechproject.org ) 列出的在市面上含有纳米粒子的 1015
项目产品，其中有 259 样是含 AgNPs ( 2010 年 5 月)。此外，Grand new Research  
( http://www.grand- viewresearch.com ) 根据市场调查统计，预测未来几年 AgNPs 市场的
需求量将稳定上升 ( 图 1- 2 )。 
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图 1 - 1 AgNPs 的应用 ( Keat et al., 2015 ) 
Fig. 1 - 1 Application of silver nanoparticles 
 
 
图 1 - 2 2012 - 2022年全球 AgNPs 的市场需求量 
Fig. 1 - 2 Global silver nanoparticles market, by application, 2012 - 2022  
( http://www.grandviewresearch.com ) 
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1.1.2 AgNPs 对水生生物的影响 
目前的一些研究结果已表明，金属纳米材料会通过生产、储存、运输和应用等环节
进入环境中，对人类健康和生态系统造成潜在的危害 ( Biswas and Wu, 2005; Wiesner et 
al., 2006 )。针对不同的研究对象，相关的动物模型实验已经证实，金属纳米颗粒会诱导
细胞毒性、造成呼吸系统损伤、具有皮肤毒性、肾脏毒性、生殖毒性、遗传毒性、发育
毒性和免疫损伤效应等 ( Brumfiel, 2003; Foley et al., 2002; Kim et al., 2006; Xia et al., 
2008 )。目前，还没有证据表明使用含有 AgNPs 的产品会对人类健康造成损害。但是含
有 AgNPs 的产品很可能会造成溶解银和 AgNPs 释放到环境中，导致持续的生物累积
( Benn and Westerhoff, 2008; Geranio et al., 2009 )。由于 Ag+的化学特性，使得它能像钠
离子和铜离子进入细胞内一样，通过细胞膜上的离子转运蛋白被生物所摄取 ( Luoma, 
2008 )，最终导致 Ag+在生物体内累积。然而，目前的纳米毒理学研究主要围绕哺乳动
物开展，关于纳米材料对水生生物的影响的研究还比较少。 
进入水环境的金属纳米颗粒可以悬浮在水体中，使浮游生物、藻类、鱼类暴露其中，
或者是沉降到底泥，使底栖的软体动物暴露其中，进而影响整个水生生态系统 ( Baun et 
al., 2008; Navarro et al., 2008a )。水生生物很容易受到水体中的 AgNPs 的影响，一些在
生物体内实验的研究表明，AgNPs 会对水中的脊椎动物 ( 例如：斑马鱼 ( Danio rerio ) 
( Griffitt et al., 2009; Lee et al., 2007; Yeo and Kang, 2008 )，河鲈 ( Perca fluviatilis ) 
( Bilberg et al., 2010 ) 和虹鳟 ( Oncorhynchus mykiss ) ( Scown et al., 2010 ) 等 )，无脊椎
动物 ( 例如：网纹水蚤 ( Ceriodaphnia dubia ) ( Gao et al., 2009 ), 蚤状蚤 ( Daphnia 
pulex ) ( Griffitt et al., 2008 ) )，藻类 ( 海链藻 ( T. weissflogii ) ( Miao et al., 2009 ) ) 等造
成危害。研究者们在寻找合适的生物模型，以获取更多的关于 AgNPs 环境评价信息。
而鱼类受到AgNPs的影响更为严重，主要是由于它直接暴露在含有外源污染物的水体，
AgNPs 最先进入鱼体内的主要部位是鳃，然后引起机体内组织学的变化 ( Hawkins et al., 
2015 )。由已发表的文献可得到结论，AgNPs 对鱼类的每个生长阶段都具有毒性影响。
AgNPs 可以使银鲤 ( Hypophthalmicthys molitrix ) 的红血球，血红蛋白数量减少。AgNPs
改变了鲤鱼 ( Cyprinus carpio ) 的鳃、肾、脑和肝器官的酶代谢活性 ( Reddy et al., 2013 )。
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